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Recent genome-wide studies found that patients with hypoto-
nia, developmental delay, intellectual disability, congenital
anomalies, characteristic facial dysmorphic features, and low
cholesterol levels suffer from Kaufman oculocerebrofacial syn-
drome (KOS, also reported as blepharophimosis-ptosis-intel-
lectual disability syndrome). The primary cause of KOS is auto-
somal recessive mutations in the gene UBE3B. However, to date,
there are no studies that have determined the cellular or enzy-
matic function of UBE3B. Here, we report that UBE3B is a mito-
chondrion-associated protein with homologous to the E6-AP C
terminus (HECT) E3 ubiquitin ligase activity. Mutating the cat-
alytic cysteine (C1036A) or deleting the entire HECT domain
(amino acids 758 -1068) results in loss of UBE3B’s ubiquityla-
tion activity. Knockdown of UBE3B in human cells induces
changes in mitochondrial morphology and physiology, a de-
crease in mitochondrial volume, and a severe suppression of
cellular proliferation. We also discovered that UBE3B interacts
with calmodulin via its N-terminal isoleucine-glutamine (IQ)
motif. Deletion of the IQ motif (amino acids 29 —58) results in
loss of calmodulin binding and a significant increase in the in
vitro ubiquitylation activity of UBE3B. In addition, we found
that changes in calcium levels in vitro disrupt the calmodulin-
UBE3B interaction. These studies demonstrate that UBE3B is an
E3 ubiquitin ligase and reveal that the enzyme is regulated by cal-
modulin. Furthermore, the modulation of UBE3B via calmodulin
and calcium implicates a role for calcium signaling in mitochon-
drial protein ubiquitylation, protein turnover, and disease.

Ubiquitylation is a reversible post-translational modification
that impacts most cellular processes. However, it is best known

for targeting proteins for degradation by the 26S proteasome,
and the ubiquitin/proteasome system (UPS)? is a major part of
the cellular protein quality control network (1-5). Substrate
modification can occur either by the attachment of a single
ubiquitin molecule or a polyubiquitin chain, where one ubiq-
uitin is conjugated to the next via an isopeptide bond (6).
Conjugation of ubiquitin to one or more lysine residues on
the substrate protein is mediated by the sequential action of
a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2), and a ubiquitin ligase (E3). Although there is lim-
ited diversity in E1 and E2 enzymes, numerous cellular E3
ligases specify the timing and substrate selection of ubiquityla-
tion reactions.

E3 ligases are mainly composed of three major families, the
really interesting new gene (RING) family, the homologous to
the E6-AP C terminus (HECT) family, and the RING-between-
RING (RBR) family. The RING ligases catalyze the direct trans-
fer of ubiquitin from the E2 to the substrate (7, 8). Conversely,
the HECT and RBR E3 ligases covalently transfer the ubiquitin
from the E2 to a resident catalytic cysteine. This catalytic cys-
teine in the E3 ligase active site can then serve as the site of
attachment for a thioester-linked polyubiquitin chain, which is
then transferred to the substrate (9 —12). Overall, E3 ubiquitin
ligases are key regulatory determinants in the ubiquitylation
reaction.

In eukaryotic cells the UPS mediates the turnover of outer
mitochondrial membrane (OMM) proteins (13-19). For
example, under mitochondrial stress, UPS-dependent deg-
radation of OMM proteins is mediated by the E3 ubiquitin
ligase, PARKIN (20-23). However, cells deficient in PAR-
KIN are still able to turn over OMM proteins via the UPS (20,
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21). Therefore, it is likely that, in addition to PARKIN, other
E3 ubiquitin ligase(s) mediate the ubiquitylation of OMM
proteins.

Kaufman oculocerebrofacial syndrome (KOS), also referred
to as blepharophimosis-ptosis-intellectual-disability syndrome,
is an autosomal recessively inherited disorder that is caused by
biallelic mutations in the gene encoding a putative ubiquitin
protein ligase (UBE3B). The disease is characterized by intel-
lectual disabilities and developmental delay, hypotonia, micro-
cephaly, structural eye anomalies, and other organ malforma-
tions, as well as distinctive facial dysmorphic features (24).
Following the identification of the genetic variants that cause
KOS, 14 patients from 11 unrelated families were reported (24 —
27). In cattle, a mutation that results in an altered Ube3b pro-
tein that lacks 40 amino acids (of which 20 are located in the
conserved HECT domain) leads to a bovine phenotype that
resembles human KOS and is known as ptosis, intellectual dis-
ability, retarded growth and mortality syndrome (28). However,
none of these studies have defined a functional role for UBE3B
in cellular protein homeostasis nor have these or any studies
demonstrated E3 ubiquitin ligase activity for the UBE3B
protein.

In a recent synthetic lethal screen done by our laboratory
using an siRNA library, the chemotherapy agent temozolomide
(TMZ), and a glioblastoma multiforme cell line, we found that
knockdown (KD) of UBE3B sensitized cells to TMZ treatment
(29). These findings are consistent with a role for UBE3B in the
cellular response to mitochondrial oxidative stress, because it
was shown that TMZ treatment triggers a rapid onset of ROS
(29). Similarly, it was shown that the Caenorhabditis elegans
ortholog of UBE3B, oxi-1, is required for protein degradation
via the UPS, especially under oxidative stress conditions and
that deletion of the mouse Ube3b gene led to reduced viability
and brain size (25). Overall, UBE3B is highly expressed in the
central nervous system, digestive tract, respiratory system, as
well as in multiple cell lineages of skin and other soft tissues
(25). However, despite a considerable body of evidence suggest-
ing that UBE3B plays a significant role in neuronal cell capacity
(24, 25, 28, 30), the function(s) and regulation of UBE3B remain
uncharacterized.

In this study, we show that UBE3B is a HECT E3 ligase, with
the catalytic cysteine at amino acid 1036 (Cys-1036). Mutation
of this cysteine to alanine (C1036A) abolishes the ubiquityla-
tion activity of UBE3B as determined using in vitro assays. We
also show that UBE3B plays a role in maintaining mitochon-
drial morphology, as depletion of the protein results in more
punctate mitochondria and altered mitochondrial physiol-
ogy. Furthermore, we show that loss of UBE3B significantly
reduces cell proliferation. Finally, we show that UBE3B
interacts with calmodulin through its isoleucine-glutamine
(IQ) motif, and deletion of this motif (UBE3BAIQ) abolishes
interaction. The UBE3BAIQ protein also has increased ubiq-
uitylation activity in vitro. Interestingly, expression of the
UBE3BAIQ protein in human cells induces apoptosis. Based
on these data, we conclude that UBE3B is a calmodulin-
regulated E3 ubiquitin ligase.
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Results

UBE3B’s Predicted Structure Resembles HECT E3 Ligases—
From a previous report, it was proposed that UBE3B belongs to
the HECT subfamily of E3 ubiquitin ligases (31). However,
there are no reports on the predicted structure or function of
UBE3B. Therefore, we used the software packages Protein
Homology/analogY Recognition Engine (Phyre®) (32) and
ClustalW2 (33, 34) to identify and align homologous proteins
to UBE3B and to predict the three-dimensional structure of the
different domains of UBE3B. As shown in Fig. 14, the N termi-
nus of UBE3B is predicted to contain the substrate binding
domain and a calmodulin-binding (IQ) motif (35). The C ter-
minus of UBE3B is the HECT domain, which is composed of
two lobes as follows: the N-lobe that is predicted to bind to the
ubiquitin-conjugating enzyme (E2), and the C-lobe that is pre-
dicted to contain the catalytic cysteine, which forms a covalent
thioester bond with ubiquitin. The N- and C-lobes are con-
nected via a flexible linker. To evaluate the conserved IQ motif
and HECT domain of UBE3B, we aligned each with other ho-
mologous motifs/domains (Fig. 1, B and C, respectively). The
top seven sequences that aligned with either the IQ motif or the
HECT domain as ranked by Phyre® are detailed in Tables 1 and
2, respectively.

UBE3B Associates with Mitochondria—Next, we examined
the subcellular localization of UBE3B and asked whether the
HECT domain affected localization. Stable cell lines were
developed that express the following fusions of copGFP and
UBE3B or its mutants: wild type UBE3B (UBE3B-copGFP);
UBE3B missing the HECT domain (referred to as UBE3BA
HECT-copGFP); and UBE3B with an inactive catalytic cysteine
(UBE3B(C1036A)-copGFP), all with C-terminal copGFP tags.
Localization of UBE3B-copGEFP fusions was assessed through a
combination of fluorescence microscopy and immunoblot
analysis of subcellular fractions, using LN428 cell lines stably
expressing copGFP or UBE3B-copGFP fusions. For fluores-
cence microscopy, mitochondria were first stained with Mito-
Tracker Far Red and then fixed and stained with an antibody
against the ER marker PDI. As shown in Fig. 24, both UBE3B-
copGFP and UBE3B(C1036A)-copGFP show strong co-local-
ization with the mitochondria. Some overlap with the ER, and
faint cytoplasmic staining was also evident, whereas UBE3BA
HECT-copGFP shows a diffuse GFP signal throughout the cell.
To assess the non-mitochondrial component of the GFP signal,
cells were fractionated into mitochondrial, ER, and cytoplasmic
fractions and probed with an antibody against copGFP (Fig.
2B). Full-length copGFP fusions were observed in the mito-
chondrial fraction, but not in the ER fraction. This suggests that
full-length UBE3B is associated primarily, if not exclusively,
with the mitochondria. The non-mitochondrial component of
the observed GFP signal does not represent full-length UBE3B
and is likely partly constituted of fragmented copGFP (25 kDa)
species in the ER and cytoplasm. The purity of subcellular frac-
tionation was assessed by immunoblotting. Mitochondrial frac-
tions lack the cytoplasmic marker a-tubulin and show enrich-
ment of the mitochondrial marker Tom20. The ER marker PDI
was only observed in the ER fraction (Fig. 2, C and D). To con-
firm that UBE3B’s subcellular recruitment to the mitochondria
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FIGURE 1. Alignment of UBE3B with select 1Q motif proteins and HECT E3 ubiquitin ligases. A, schematic of UBE3B showing the IQ domain (amino acids
29-58) and the HECT domain (amino acids 757-1068). The proposed 3D structures of the IQ and HECT domains using Phyre? are shown above the schematic.
The N terminus of HECT domains are known to bind to substrate. The HECT domain is composed of two lobes as follows: the N-lobe binds the E2(s), and the
C-lobe contains the catalytic cysteine that binds ubiquitin. B, alignment of UBE3B with calmodulin binding domains as predicted by Phyre? and using
Clustalw?2. G, alignment of UBE3B with HECT E3 ligase domains as predicted by Phyre? and using ClustalW2. The conserved catalytic cysteine is highlighted in
red.* denotes a single fully conserved residue; : denotes conservation between groups of strongly similar properties, . denotes conservation between groups

of weakly similar properties.

TABLE 1

Details of the top seven sequence alignments with the 1Q motif of
UBE3B using Phyre?

The alignment coverage, confidence, and % ID for the IQ motif are shown. The
alignment coverage gives the percentage of alignment between the query sequence
and the template; the confidence represents the probability (from 0 to 100) that the
match between the query sequence and the template is a true homology, and the %
ID is the likelihood the model is accurate. For extremely high accuracy models, the
% ID should be above 30 —40%; however, if the confidence is high, even very low %
ID (<15%) can be very useful.

TABLE 2

Details of the top seven sequence alignments with the HECT domain
of UBE3B using Phyre?

The alignment coverage, confidence, and % ID for the HECT domain are shown.
The alignment coverage gives the percentage of alignment between the query
sequence and the template; the confidence represents the probability (from 0 to 100)
that the match between the query sequence and the template is a true homology,
and the % ID is the likelihood the model is accurate. For extremely high accuracy
models, the % ID should be above 30 —40%; however, if the confidence is high, even
very low % ID (<15%) can be very useful.

Alignment % Alignment %
Rank Template coverage Confidence ID Rank Template coverage Confidence ID
% %

1 Myosin-5a 90 86.7 32 1 Rsp5 97 100.0 34

2 Myosin Va 83 79.0 31 2 Huwel 97 100.0 37

3 Unconventional myosin-1C 73 774 39 3 HECT, E3 ligase 97 100.0 34

4 Myosin 66 77.0 24 4 Nedd4-like 96 100.0 36

5  Smooth muscle myosin heavy chain 86 74.9 19 5 Smad 96 100.0 33

6  Myosin heavy chain, muscle 66 74.3 30 6 HECT, E3 ligase 97 100.0 30

7 Myosin heavy chain 86 74.3 30 7 Ubr5 38 100.0 30

was not an artifact of expression of the tagged proteins, we
isolated mitochondria from the control LN428 cells and iden-
tified endogenous UBE3B that was exclusively associated with
the mitochondrial fraction (Fig. 2, C and E).

Knockdown of UBE3B Changes Mitochondrial Morphology
and Physiology and Suppresses Cellular Proliferation—To iden-
tify whether changes in UBE3B protein expression levels
affected mitochondrial morphology and function, UBE3B was
depleted (knocked down; KD) using siRNA (Fig. 34). Using an
MTS assay, it was determined that loss of UBE3B resulted in
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decreased NAD(P)H-dependent cellular oxidoreductase enzyme
activity, an indicator of decreased cellular survival (Fig. 3B).
The mitochondria from UBE3B-KD cells, as determined from
fixed cell confocal microscopy, have more punctate mitochon-
dria, instead of the more linear and reticular network observed
in the scrambled (SCR) siRNA (negative control) cells (Fig. 3C).
To confirm that the fragmented phenotype of the mitochondria
in the UBE3B-KD cells was due to the loss of mitochondrial
volume, we measured the total number of mitochondrial voxels
and found that it was significantly decreased in the UBE3B-KD
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FIGURE 2. UBE3B is associated with mitochondria. A, LN428 cells were transduced with lentivirus to stably express UBE3B, UBE3BAHECT, or UBE3B(C1036A),
all with C-terminal copGFP tags, and then were fixed and imaged with a Nikon A1rsi confocal microscope. MitoTracker DeepRed (excitation wavelength, 647
nm; emission wavelength, 665 nm) was used to stain mitochondria before fixation; cells were then immunostained for PDI, a marker for the endoplasmic
reticulum (excitation wavelength, 568 nm; emission wavelength, 602 nm). DAPI (excitation wavelength, 360 nm; emission wavelength, 460 nm) was used to
counterstain nuclei, as seen in the merged images. B, to confirm the immunofluorescence results, subcellular fractionation of the stable cell lines was
performed, resulting in isolation of mitochondrial, ER, and cytoplasmic fractions, which were then probed by immunoblot (/B). An antibody against TurboGFP
was used to detect UBE3B-copGFP proteins. Full-length UBE3B-copGFP proteins were detected only in mitochondrial fractions and in whole cell lysate. To
confirm the quality of fractionation, fractions were probed with markers for different cellular compartments. C, mitochondrial fractions lack the cytoplasmic
marker a-tubulin and show enrichment of the mitochondrial marker Tom20. D, purity of the ER fraction was assessed by immunoblot probe for the ER marker
PDI, showing no cross-contamination with the mitochondrial fraction. E, to show that endogenous UBE3B associates with mitochondria and the immunoflu-
orescence and subcellular fractionation results in A-D are not artifacts of overexpression or of the copGFP tag, we performed subcellular fractionation and
immunoblot analysis for endogenous UBE3B in LN428 cells, using the cytoplasmic marker a-tubulin and the mitochondrial marker Tom40 to confirm
fractionation.

cells as compared with the healthy control cells (Fig. 3D). We
then employed a novel approach to measure in vivo mitochon-
drial stress and damage via the MitoTimer reporter gene (36 —
38). This reporter gene expresses a mitochondrially targeted green
fluorescent protein whose emission spectrum shifts irreversibly
toward the red when the protein is oxidized. Because this shift is
irreversible, the likelihood of this occurring increases with protein
lifetime. Seventy two hours after co-transfection of pMitoTimer
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and either UBE3B siRNA or scrambled siRNA, the cells were
imaged using live cell confocal microscopy. We observed a signif-
icantly higher red to green ratio in the UBE3B-KD cells. These
results likely indicate an increase in mitochondrial oxidative stress
but could also be caused by gross changes in protein translation
and/or degradation causing an accumulation of red-shifted GFP
molecules (Fig. 3E). Either interpretation suggests a significant
change in mitochondrial physiology in cells depleted of UBE3B.
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To further validate our observation that KD of UBE3B
impairs cell growth and mitochondrial morphology, we used
two shRNAs targeting UBE3B. Both shRNAs significantly
reduced the UBE3B mRNA level (Fig. 3F). The depletion of
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in mitochondrial morphology. As shown when analyzed using
correlative confocal and Structured Illumination Microscopy
(SIM), loss of UBE3B resulted in an increase in punctate mito-
chondria and a reduced filamentous mitochondrial network
(Fig. 3)).

HECT Domain of UBE3B Catalyzes Auto-ubiquitylation via
an Active Site Cysteine—To determine whether UBE3B func-
tions as a ubiquitin E3 ligase, as predicted (see above), the
N-terminal HA-tagged UBE3B (HA-UBE3B) was immunopre-
cipitated, and an in vitro ubiquitylation activity assay was per-
formed over time using His-tagged wild type ubiquitin (His-
Ub-WT). We show here that UBE3B exhibits time-dependent
auto-ubiquitylation activity, as evidenced by the laddering of
the protein when probed using the anti-HA Ab (Fig. 4A).

To show that this ubiquitylation activity was specific to
UBE3B and not a reaction with a component in the mixture of
El, E2s, ubiquitin, and Mg>*/ATP, a dropout ubiquitylation
assay was performed, where one enzyme/set of enzymes was
missing from the reaction. We found that the polyubiquityla-
tion activity of UBE3B required all the components, including
the E1 and E2 mixture, ATP, and ubiquitin (Fig. 4B). Further-
more, the catalytic core of the deubiquitylating enzyme USP2
was added to the in vitro ubiquitylation assay and eliminated
the signal (see last lane, Fig. 4B). This result demonstrates that
the putative ubiquitin signal was due to protein ubiquitylation.
Finally, to show that the HECT domain of UBE3B, specifically
the proposed catalytic cysteine in the HECT domain, catalyzes
the formation of the polyubiquitylation chains observed, the
ubiquitylation activity assay was performed using UBE3B with
an inactive catalytic cysteine (HA-UBE3B(C1036A)) and using
UBE3B that lacked the HECT domain (HA-UBE3BAHECT)
(Fig. 4C). As shown, the mutation of Cys-1036 or the deletion of
the HECT domain eliminated the ubiquitylation activity. These
results demonstrate that UBE3B is a bona fide HECT domain
E3 ubiquitin ligase.

Calmodulin Interacts with the IQ Motif of UBE3B—The pres-
ence of the IQ motif in the N terminus of UBE3B suggests that
UBE3B and calmodulin interact. This would be unique as there
are no reported E3 ubiquitin ligases that are calmodulin-regu-
lated, with the exception of FBXL2, an F-box protein that is
a subunit of the SCF ubiquitin protein ligase complex (39).
Because HA-tagged UBE3B (HA-UBE3B) is readily immuno-

Characterization of UBE3B Function

precipitated from stable LN428/HA-UBE3B cells, we analyzed
the immunoprecipitated proteins by mass spectrometry. Quanti-
fication results for two proteotypic calmodulin (CALM, Uniprot
no. P62158) peptides showed a significant increase in signal
for both peptides bound to either HA-UBE3B or HA-UBE3B
(C1036A), with only a background-level signal in the control cells
(Fig. 5A). The interaction between UBE3B and calmodulin was
also confirmed by immunoprecipitation of HA-UBE3B followed
by immunoblot for endogenous calmodulin (Fig. 5B).

To more elegantly determine whether the UBE3B-calmodu-
lin interaction is observed in cells and is not limited to a pro-
tein-protein interaction in cell lysates, we developed the BiolD
system to validate UBE3B-interacting proteins by fusing the
promiscuous Escherichia coli biotin ligase BirA-R118G to
either the N or C terminus of UBE3B. Stable cell lines were
developed and were then pulsed with the addition of exogenous
biotin (50 wm; 24 h), and the resulting biotinylated proteins
represent those within 10 nm of UBE3B (40, 41). In support of
the mass spectrometry and IP/immunoblot results above, we
find that calmodulin is strongly biotinylated in cells expressing
UBE3B-BirA but not in control cells, and only when biotin is
added to the cells 24 h prior to lysate preparation (Fig. 5C). This
supports our contention that UBE3B and calmodulin interact.
As anticipated, the interaction with calmodulin is lost when we
deleted the IQ motif of UBE3B (UBE3BAIQ-HA) (Fig. 5D).
Interestingly, the ubiquitylation activity of UBE3B is increased
when calmodulin is no longer bound (Fig. 5E). We also found
that expression of the UBE3BAIQ-HA deletion mutant resulted
in an increase in apoptosis, as indicated by an increase in
cleaved caspase 3 levels (Fig. 5F). Most importantly, we see that
calmodulin is released from UBE3B when the concentration of
calcium is increased in the lysate (5 mm), and this results in an
increase in ubiquitylation activity (Fig. 5G). These combined
results suggest that UBE3B is a calmodulin/calcium-regulated
E3 ubiquitin ligase and that calmodulin appears to act as a
repressor of the E3 ligase activity of UBE3B.

Discussion

Our results demonstrate that UBE3B isa HECT domain con-
taining E3 ubiquitin ligase that uses its catalytic cysteine to bind
to ubiquitin and form polyubiquitin chains. We have also
shown that the structure of UBE3B’s HECT domain, specifi-

FIGURE 3. Knockdown of UBE3B compromises mitochondrial morphology and function and reduces cell proliferation and colony formation. LN428
cells were transfected with UBE3B siRNA or SCR siRNA (90 nwm, final concentration) for 72 h before being used for subsequent experiments. A, qRT-PCR was
performed to measure the siRNA-mediated knockdown of UBE3B mRNA expression. 3-Actin was used as the endogenous control, and mRNA expression was
normalized to SCR siRNA cells. RQ indicates the relative quantification. B, to determine cellular metabolic activity, as an indicator of decreased cellular survival,
2000 cells/well were plated 24 h after siRNA transfection. After 48 h of incubation, an MTS assay was performed. C, to determine whether there are changes in
mitochondrial morphology after depletion of UBE3B protein, confocal imaging was performed on fixed cells 72 h after siRNA transfection. ATP synthase s the
mitochondrial marker detected by immunofluorescence (excitation wavelength, 647 nm; emission wavelength, 666 nm). D, Z-stacking using confocal micros-
copy on the fixed cells from C was performed to determine the changes in mitochondrial voxels in UBE3B-KD cells as compared with scrambled (negative
control) treated cells. E, to determine whether UBE3B knockdown induced mitochondrial stress, cells were co-transfected with UBE3B siRNA, and the ratio-
metric reporter gene Mito-Timer. Confocal imaging was performed 72 h after transfection. Quantitation of the collected images reveal an increase in mito-
chondrial stress in the UBE3B knockdown cells. F, LN428 cells were individually transduced with lentivirus expressing a scrambled shRNA control or either of
two lentiviral shRNAs (sh2 and sh3) targeting different sequences of UBE3B. 48 h later, the loss of UBE3B mRNA expression was measured by gRT-PCR and
normalized to the SCR control. G, 48 h after lentiviral infection, the SCR, sh2, and sh3 cells were seeded at 5000 cells/well in 24-well plates in 500 wl/well growth
medium. The cell numbers of each plate were counted at 2 h after seeding and then again on days 3, 5, 7, and 10. The relative proliferation for each cell line was
calculated by normalizing the cell number each day to the cell number at 2 h after seeding. H, 48 h after lentiviral infection, the SCR, sh2, and sh3 cells were
seeded at 500 cells/well in 6-well plates in 5 ml/well growth medium and incubated for 10 days. The colonies were stained with crystal violet, and images were
generated. /, quantitation of the clonogenic assay from the results in H, using Celigo, showed a strong decrease of colony numbers in both shRNA knockdown
cells. J, to validate changes in mitochondrial morphology, UBE3B-sh2 and UBE3B-sh3 cells were stained with MitoTracker CMX-ROS and fixed, and correlative
microscopy was performed with confocal (top row) and SIM super-resolution microscopy (bottom row), showing changes induced by UBE3B knockdown.
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FIGURE 4. UBE3B exhibits ubiquitin ligase activity. Cell lysates from LN428
cells that stably express UBE3A, UBE3B, UBE3BAHECT, or UBE3B(C1036A), all
with N terminus HA tags, were immunoprecipitated using anti-HA affinity
matrix and subjected to ubiquitylation activity assays. The ubiquitylation
assays were carried out in 30-ul reactions with 0.1 um E1, 0.25 um of an E2
mixture, 1 uM ubiquitin aldehyde, 0.75 ug/ul His-ubiquitin, and 1X magne-
sium/ATP mixture, unless otherwise noted. A, ubiquitylation activity assay
was performed in vitro using His-tagged wild type ubiquitin (His-Ub-WT). The
expected size of HA-UBE3B is 125 kDa. Note the time-dependent increase in
the high molecular mass signal. B, polyubiquitin chain formation was lost
when ubiquitin or E1, E2s, or ATP were removed from the reaction mixture, or
if 20 g of the catalytic core of the deubiquitinating enzyme USP2 was added
to a completed reaction for 30 min at 37 °C (63). C, polyubiquitin chains were
lacking in reactions containing the catalytically inactive (HA-UBE3B(C1036A))
or HECT deleted (HA-UBE3BAHECT) mutants of UBE3B. Completed reactions
were applied to immunoblot for analysis of ubiquitylation with anti-hemag-
glutinin (HA) or ubiquitin (Ub) antibodies. Bottom panel shows comparable
loading of the immunoprecipitated proteins. Representative immunoblots
from three independent experiments are shown. Antibodies used for each of
the immunoblots are listed on the side of the panels.

cally the region surrounding the catalytic cysteine, is highly
conserved and homologous to other well studied E3 ligases,
such as UBE3C, Huwel, Nedd4, Itch, and Hacel. HECT E3
ligases are involved in numerous cellular processes, from
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UBE3C promoting growth and metastasis of renal cell carci-
noma, to Nedd4 enhancing cell proliferation and autophagy, to
Itch inhibiting skin inflammation (42—44). Reported disease-
linked mutations in UBE3B associated with the most severe
forms of KOS include the seven different nonsense, frameshift,
and splice site mutations that likely cause protein truncation
before or at the beginning of the HECT domain and therefore
are predicted to abolish UBE3B’s ligase activity (24-27). Con-
sequently, our results, defining the HECT domain of UBE3B as
the active E3 ubiquitin ligase domain, are consistent with these
clinical findings.

The N terminus of UBE3B contains an isoleucine-glutamine
(IQ) motif. The IQ motif is known to interact with calmodulin
(CaM), the universal calcium sensor in eukaryotes (45—48).
CaM can bind to a target in one of two ways, either in a calcium-
bound (holoCaM) or calcium-free (apoCaM) form, thereby
making its interaction with partners either Ca*>*-dependent or
Ca**-independent (35). Calcium binding to calmodulin has
been shown to induce major conformational changes in the IQ
motifs and increase the flexibility of the myosin-1c tail (49). Our
data show that calmodulin binds to UBE3B and modulates
UBE3B’s ubiquitylation activity in a calcium-dependent man-
ner. Therefore, we propose that calmodulin might be a regula-
tory factor, rather than a UBE3B substrate. In contrast, one
study performed by Wang et al. (50) showed that calcium binds
to and activates the E3 ligase Nedd4 by releasing the C2 domain
auto-inhibition via a calmodulin-independent mechanism. We
propose that an increase in intracellular calcium levels after
mitochondrial stress results in a decrease in the interaction
between calmodulin and UBE3B, enhancing UBE3B’s ubiquity-
lation activity (Fig. 6).

As mentioned above, knockdown of UBE3B increases the
sensitivity of glioblastoma cells (LN428) to TMZ treatment,
and the C. elegans ortholog of UBE3B, oxi-1, was required for
proteasomal degradation after oxidative stress (25, 29). In this
study, we show the involvement of UBE3B in maintaining mito-
chondrial morphology since depletion of UBE3B in our
human glioblastoma cells resulted in mitochondrial frag-
mentation, accompanied changes in mitochondrial physiol-
ogy, and subsequent cell death. This raises the possibility
that UBE3B may modulate mitochondrial fission/fusion
dynamics and/or play a role in stress-induced mitophagy
or apoptosis, as proposed for PARKIN and PINKI1 (51),
MARCHS5 (52), and others (53).

In summary, we propose a model for the regulation of mito-
chondrial structure and ubiquitylation that includes the sec-
ondary messenger calmodulin, the HECT E3 ligase UBE3B, and
the potentially damaged mitochondrial proteins (Fig. 6). We
hypothesize that an increase in calcium signaling after mito-
chondrial stress activates calmodulin. Activated calmodulin in
turn is released from UBE3B, allowing for its increased ubiqui-
tylation activity to tag damaged mitochondrial proteins for pro-
teasomal degradation. Identifying the substrates of UBE3B will
be an important future direction in determining the clinical
significance of L/BE3B mutations and developing therapeutic
strategies for patients who suffer from KOS.
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FIGURE 5. UBE3B associates with calmodulin through the 1Q motif in a calcium-dependent manner. A, quantification results of HA-Ab affinity purification
and high resolution LC-MS analysis for two proteotypic calmodulin peptides, VFDKDGNGYISAAELR and DTDSEEEIREAFR. Bar graphs represent the standardized
mean values * S.E. following affinity purification and differential mass spectrometry analysis of LN428 cells containing an empty vector control or expressing
wild type HA-tagged UBE3B (HA-UBE3B) or the catalytic inactive UBE3B with an HA tag (HA-UBE3B(C1036A)). B, cells, indicated in the figure, were lysed, and the
HA-tagged proteins were immunoprecipitated, as described under “Experimental Procedures,” to identify the proteins that interact with UBE3B,
UBE3B(C1036A), or UBE3BAHECT. Shown is an immunoblot to confirm the interaction of calmodulin with UBE3B as seen by LC-MS using anti-UBE3B and
calmodulin antibodies. C, BiolD analysis was performed using BirA-UBE3B and UBE3B-BirA with streptavidin immunoprecipitated to confirm that HA-UBE3B
and calmodulin interact. Cells were treated with biotin (5 um) for 24 h before harvest, as indicated. Streptavidin-purified proteins were then probed by
immunoblot using streptavidin-HRP. Bottom right panel indicates the identification of calmodulin after streptavidin capture. D, 293FT cells were transiently
transfected (48 h) with a plasmid expressing WT UBE3B-HA or UBE3BAIQ-HA followed by immunoprecipitation with HA-affinity matrix beads. Deletion of the
1Q motif demolished the interaction between UBE3B and calmodulin. £, 239FT cells were transiently transfected (48 h) with a plasmid expressing WT UBE3B-HA
or UBE3BAIQ-HA followed by immunoprecipitation with HA-affinity matrix beads. A ubiquitylation assay was then performed as described under “Experimen-
tal Procedures.” The results were analyzed by immunoblot using anti-ubiquitin, anti-His, and anti-HA antibodies to detect UBE3B and anti-CaM antibody to
detect calmodulin. Ubiquitylation is increased in UBE3BAIQ due to the loss of loss of the interaction with calmodulin. F, 239FT cells were transiently transfected
(48 h) with a plasmid expressing WT UBE3B-HA or UBE3BAIQ-HA. The expression of UBE3BAIQ-HA triggered cell apoptosis as indicated by an elevation of the
cleaved form of caspase3. G, calmodulin interaction with UBE3B is lost when immunoprecipitation beads are washed with CaCl,, and ubiquitylationis increased
when calmodulin is not bound to UBE3B. Immunoprecipitations and the bead-based in vitro assay were performed as described above.
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FIGURE 6. Model for UBE3B activation in response to calcium signaling/mitochondrial stress. We propose that the E3 ligase UBE3B associates with the
mitochondria and that in the absence of stress UBE3B is bound to calmodulin through its N-terminal IQ motif in a calcium-dependent manner. However, in
response to mitochondrial stress the intracellular calcium levels increase, thereby activating calmodulin and releasing it from UBE3B. Calmodulin-free UBE3B
can now bind to its substrates (potentially damaged mitochondrial proteins) and ubiquitylate substrates for degradation by the UPS.

Experimental Procedures

Materials—TransIT®-2020 transfection reagent (catalog
no. MIR5400) was from Mirus, and the siPORT™ NeoFX™
transfection reagent (catalog no. AM4511) was from Life
Technologies, Inc. Cell proliferation was evaluated using the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS)-based CellTiter 96
Aqueous One Solution cell proliferation assay (catalog no.
G3581) from Promega. The siRNA UBE3B-s40200 (catalog no.
4390824) was from Ambion. The Silencer® negative control
siRNA#2 (catalog no. AM4613), TagMan primer probe set for
UBE3B (catalog no. 4331182), and B-actin were from Applied
Biosystems. OptiMEM, «-Eagle’s minimal essential medium,
and phosphate-buffered saline (PBS) were from Invitrogen.
Puromycin was from Clontech, and gentamycin was from
Irvine Scientific. All the plastic tissue culture supplies were
from Corning and Thermo Fisher Scientific. All PCR primers
(Table 3) were from Eurofins MWG Operon. DreamTaq DNA
polymerase (catalog no. FEREP0703) was from Thermo Fisher
Scientific, and dNTPs (catalog no. 4303442) were from Life
Technologies, Inc. The Pfu turbo DNA polymerase (catalog no.
600250) and QuikChange II XL site-directed mutagenesis kit
(catalog no. 200521) were from Agilent Technologies. The
TOPO® TA Cloning® kit for sequencing, with One Shot®
TOP10 chemically competent E. coli (catalog no. K4575-40),
Gateway® LR Clonase® II enzyme mix (catalog no. 11791-100),
and T4 DNA ligase (catalog no. EL0011) were from Life Tech-
nologies, Inc. The plasmid p4054 HA-E6AP isoform II (catalog
no. 8658) was purchased from Addgene. Restriction enzymes
Xbal and BamHI were from New England Biolabs. The
QIAquick PCR purification kit (catalog no. 28106) and
QIAquick gel extraction kit (catalog no. 29706) were from Qia-
gen. The TALON® metal affinity resin (catalog no. 635501) and
HisTALON™ Buffer set (catalog no. 635651) were from Clon-
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tech. The Amicon Ultra-15 centrifugal filter units (catalog no.
UFC900324) were from EMD Millipore, and the DC protein
assay kit II (catalog no. 500-0112EDU) was from Bio-Rad.
The anti-His, epitope tag Ab, Clone HIS.H8 (catalog no.
MA121315), was from Thermo Fisher Scientific. FLOAT-A-
LYZER G2 (catalog no. G235051) was from Spectrum Labora-
tories. The anti-HA affinity matrix (catalog no. 11815016001)
was from Roche Applied Science. The mitochondria isolation
kit for cultured cells (catalog no. 89874) was from Life Technol-
ogies, Inc. The endoplasmic reticulum isolation kit (catalog
no.ER0100) was from Sigma. The ubiquitin-activating enzyme
(UBE1) (catalog no. E-305) and ubiquitin aldehyde (catalog no.
U-201) were from Boston Biochem. The ubiquitin-conjugating
enzyme (E2) selection panels (catalog no. UB200) were from
Life Sensors. The magnesium/ATP mixture (catalog no. 20-113)
was from EMD Millipore. The protease inhibitor mini-tablets
(catalog no. 88665) and IP lysis buffer (catalog no. 87788) were
from Thermo Fisher Scientific. Biotin (catalog no. BP232-1)
was from Thermo Fisher Scientific, and Dynabeads MyOne
Streptavidin C (catalog no. 65001) was from Life Technologies,
Inc. MitoTracker Deep Red was from Life Technologies, Inc.
(catalog no. M22426).

Primary Antibodies—UBE3B antibody (catalog no. SAB4503523)
was from Sigma; ubiquitin (Ub) antibody (catalog no. AUBO1)
was from Cytoskeleton; a-tubulin antibody (catalog no. CP06) was
from EMD Millipore; proliferating cell nuclear antigen anti-
body (catalog no. sc-56) was from Santa Cruz Biotechnology;
cytochrome ¢ oxidase IV (COX IV) antibody (catalog no.
A21348) was from Life Technologies, Inc.; Turbo-green fluo-
rescent protein (TurboGFP) antibody (catalog no. AB513) was
from Evrogen; adenosine triphosphate synthase 8 (ATP syn-
thase B) antibody (catalog no. MA1-930) was from Thermo
Fisher Scientific; calmodulin antibody (catalog no. ab45689)
was from Abcam; PDI antibody was from Life Technologies,

SASBMB

VOLUME 292-NUMBER 6+-FEBRUARY 10, 2017



TABLE 3

Oligodeoxynucleotides used in this study
F is forward; R is reverse.

Characterization of UBE3B Function

Oligonucleotide name

Sequence (5'-3")*

UBE3B-GFP-F
UBE3B-GFP-R
UBE3BAHECT-GFP-R
UBE3B(C1036A)-F
UBE3B(C1036A)-R
HA-UBE3A-F
HA-UBE3A-R
HA-UBE3B-F
UBE3B-R

UBE3B-F
UBE3BAHECT-R
UBE3B-HA-R
Ubiquitin-F
Ubiquitin-R
UBE3B(AIQ)-F

ATTCTAGACACCATGTTCACCCTGTCTCAGACCTCG
TAGCTCTAGAATGGAGAGTTCAAAGCCCGTGTTCATGC
ATCGGATCCAATCCCCACTGGTTGTCTTGAACAGATT
TGCCCACCTCCTCCACCGCCTTCAACCTGCTCAAGC
GCTTGAGCAGGTTGAAGGCGGTGGAGGAGGTGGGCA
CACCATGTACCCATACGATGTTCCAGATTACGCTGAGAAGCTG
TTACAGCATGCCAAATCCTTTGGCATACGTGATGG
CACCATGTACCCATACGATGTTCCAGATTACGCTTTCACCCTGTCTCAGACC
CTAGGAGAGTTCAAAGCCCGTGTTCATGCTGATGGCG
CACCATGTTCACCCTGTCTCAGACCTCGAGAGCATGG
CTAGGAGAGTTCAAAGCCCGTGTTCATGCTGATGGCG
CTAAGCGTAATCTGGAACATCGTATGGGTAGGAGAGTTCAAAGCCCGTG
CACCCAGATTTTCGTGAAAACCCTTACG
TTAACCACCACGAAGTCTCAACACAAGATG
CACCATGGCAGATGACCCTGAGTCCACTAAAAGAAGTGC

“ The bold bases indicate the mutated bases.

Inc. (catalog no. RL77); and cleaved caspase 3 antibody was
from Cell Signaling (catalog no. 9661s). The hybridoma cell
clone 12CA5, expressing the anti-HA monoclonal antibody,
was a generous gift from Kara Bernstein (University of Pitts-
burgh). The 12CA5 hybridoma cells were used to generate asci-
tes, and the resulting Ab was purified using protein-A-agarose
and isotyped (IgG2b/k).

Secondary Antibodies—Goat anti-mouse horseradish perox-
idase (GAM-HRP) conjugates and goat anti-rabbit horseradish
peroxidase (GAR-HRP) conjugates were from Bio-Rad; goat
anti-mouse Cy5 (catalog no. ab150115) was from Abcam, and
goat anti-rabbit Cy3 (catalog no. A-11011) was from Life Tech-
nologies, Inc. The Novex® NuPAGE® SDS-polyacrylamide gel
systems were from Life Technologies, Inc. Signal generation
substrates were from Bio-Rad and Thermo Fisher Scientific. All
electrophoresis reagents were from Bio-Rad.

Alignment of UBE3B with HECT E3 Ligases—Several differ-
ent programs were used to align the sequences of known pro-
teins with that of UBE3B and to predict the three-dimensional
structure of the different domains of UBE3B, including Protein
Homology/AnalogY Recognition Engine Version 2.0 (Phyre?) and
ClustalW2. Phyre? generates protein models using the principles
and techniques of homology modeling, as described (32). The top
seven and top six highest confidence homologous sequences for
the IQ and HECT domains, respectively, of UBE3B were chosen
for sequence alignment using ClustalW2. Clustal W2 is a sequence
alignment program for three or more sequences (34).

Cell Culture—LN428 glioblastoma cells and culture condi-
tions were as described previously (54). Cells were maintained
at 37 °C in 5% CO, and grown in a-Eagle’s minimal essential
medium containing 10% heat-inactivated fetal bovine serum
(FBS), antibiotic/antimycotic, L-glutamine, and gentamycin.
293FT cells are a sub-clone of the human embryonic kidney cells
293, obtained from Thermo Fisher Scientific (catalog no. R70007).
These were cultured in DMEM with 10% heat-inactivated FBS, 80
g of penicillin/80 ug of streptomycin at 37 °C in 5% CO.,.

Lentiviral Vectors for Expression of UBE3B and Mutants—
Human UBE3B complementary DNA was PCR-amplified
(using primers purchased from Eurofins MWG Operon) and
cloned into the pENTR/D-TOPO plasmid to create the
pENTR-UBE3B vector as per standard Topo-cloning method-
ology (55). With this plasmid as the template, UBE3B-tagged
SASBMB
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proteins or mutants were made either via standard PCR or
with the QuikChange XL site-directed mutagenesis kit. The
sequence of each primer is listed in Table 3. Briefly, we made
HA-UBE3B, UBE3B-HA, HA-UBE3BAHECT, and UBE3B
(AIQ)-HA using primer pairs HA-UBE3B-F/UBE3B-R, UBE3B-F/
UBE3B-HA-R, HA-UBE3B-F/UBE3BAHECT-R, and UBE3B
(AIQ)-F/UBE3B-R, respectively. Using the pPENTR-HA-UBE3B
plasmid as template, we made the HA-UBE3B(C1036A)
mutation using primers UBE3B(C1036A)-F/UBE3B(C1036A)-R.
Using p4054 HA-E6AP isoform II plasmid (Addgene) as tem-
plate, we made HA-UBE3A using primer pair HA-UBE3A-F/
HA-UBE3A-R. Once sequence-verified, the open reading
frames from each of the plasmids pENTR-HA-UBE3B, pENTR-
UBE3B-HA, pENTR-HA-UBE3BAHECT, pENTR-HA-UBE3B
(C1036A), pENTR-UBE3B(AIQ)-HA, and pENTR-HA-UBE3A
were transferred into a Gateway-modified pLVX-IRES-Puro
vector (Clontech), by the LR reaction using the Gateway LR
Clonase II Enzyme Mix (Life Technologies, Inc.) as per the
manufacturer’s instruction. Positive clones were selected, and
plasmids were extracted with the QIAprep spin miniprep kit
(Qiagen). For the UBE3B-copGFP, UBE3BAHECT-copGFP,
and UBE3B(C1036A)-copGFP fusion plasmids, we used
pENTR-UBE3B and pCT-CMV-MCS-copGFP-EF1-Puro (Sys-
tem Biosciences). We made UBE3B-copGFP and UBE3BA
HECT-copGFP using primer pairs UBE3B-GFP-F/UBE3B-
GFP-R and UBE3B-GFP-F/UBE3BAHECT-GFP-R, respec-
tively. Using pENTR-UBE3B(C1036A) plasmid as template,
we made the UBE3B(C1036A)-copGFP mutation using
primers UBE3B-GFP-F/UBE3B-GFP-R. The UBE3B and
UBE3B(C1036A) open-reading frames were PCR-amplified to
engineer the restriction enzyme site Xbal on both ends,
whereas the UBE3SBAHECT-copGFP open reading frame was
PCR-amplified to engineer the restriction enzyme sites Xbal
and BamHI for cloning in-frame with copGFP using standard
protocols. After PCR, products were digested with the respec-
tive enzymes; purified fragments were ligated into the pCT-
CMV-copGFP-MCS-EF1-puro lentiviral vector hydrolyzed by
Xbal or Xbal and BamHI. Positive colonies were selected and
sequenced. Sequence-verified plasmids were transiently trans-
fected, and lentivirus production was as described below. The
pLPC-MYC-BirA plasmid was previously described (41). To
create the BirA-UBE3B and UBE3B-BirA fusion plasmids, we
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TABLE 4
Vectors developed for and used in this study

Plasmid name

Insert description

Parental vector

pENTR-UBE3B UBE3B
pENTR-HA-UBE3B HA-UBE3B
pENTR-UBE3B-HA UBE3B-HA

pENTR-HA-UBE3BAHECT
pENTR-HA-UBE3B(C1036A)
pENTR-HA-UBE3A
pENTR-UBE3BAIQ-HA
pCT-CMV-UBE3B-copGFP-Puro
pCT-CMV-UBE3BAHECT-copGFP-Puro
pCT-CMV-UBE3BAHECT-copGFP-Puro
pLVX-HA-UBE3B-IRES-Puro
pLVX-UBE3B-HA-IRES-Puro
pLVX-HA-UBE3BAHECT-IRES-Puro
pLVX-HA-UBE3B(C1036A)-IRES-Puro
pLVX-HA-UBE3A-IRES-Puro
pLVX-UBE3BAIQ-HA-IRES-Puro
pLVX-BirA-UBE3B-Puro
pLVX-UBE3B-BirA-Puro

HA-UBE3A

HA-UBE3B
UBE3B-HA

HA-UBE3A

HA-UBE3BAHECT
HA-UBE3B (C1036A)

UBE3BAIQ-HA
UBE3B-copGFP
UBE3BAHECT-copGFP
UBE3B (C1036A)-copGFP

HA-UBE3BAHECT
HA-UBE3B (C1036A)

UBE3BAIQ-HA
BirA-UBE3B
UBE3B-BirA

PENTR/p-TOPO

PENTR/pD-TOPO

pENTR/D-TOPO

PENTR/D-TOPO

PENTR/pD-TOPO

pENTR/D-TOPO

PENTR/p-TOPO
pCYTO-CMV-MCS-copGFP-EF1-Puro
pCYTO-CMV-MCS-copGFP-EF1-Puro
pCYTO-CMV-MCS-copGFP-EF1-Puro
pLVX-GW-IRES-Puro
pLVX-GW-IRES-Puro
pLVX-GW-IRES-Puro
pLVX-GW-IRES-Puro
pLVX-GW-IRES-Puro
pLVX-GW-IRES-Puro
pLVX-GW-IRES-Puro
pLVX-GW-IRES-Puro

had pENTR-BirA-UBE3B and pENTR-UBE3B-BirA plasmids
synthesized by GenScript. Once sequence-verified, we trans-
ferred the open reading frames into the Gateway-modified
pLVX-IRES-Puro vector as described above. All the vectors
used and developed in this study are listed in Table 4.

Lentiviral Expression of UBE3B in LN428 Cells—Lentiviruses
were prepared in collaboration with the University of Pitts-
burgh Cancer Institute Lentiviral Facility or the MCI Gene
Expression, Editing, and Discovery Facility. Lentiviral particles
were generated by co-transfection of four plasmids (control
plasmid (pLVX-IRES-Puro) or one of the plasmids expressing
UBE3B or UBE3B mutants, together with pMD2.g (VSVG),
pVSV-REV, and pMDLg/pRRE) into 293FT cells using
TransIT®-2020 transfection reagent. The collection and isola-
tion of lentiviral particles and transduction of LN428 cells were
performed as described previously (56, 57). Stable cell lines
were developed by selection in puromycin (2 ug/ml) for 2
weeks. Expression of HA-UBE3B (or the indicated mutants or
fusions) was confirmed by immunoblot. All the cell lines devel-
oped and used in this study are listed in Table 5.

Lentiviral Expression of shRNA to Mediate UBE3B Knock-
down in LN428 Cells—Lentiviruses were prepared in collabo-
ration with the MCI Gene Expression, Editing, and Discovery
Facility. Lentiviral particles were generated as indicated above.
The target sequences of sh2 and sh3 are CCGTGATGTATGT-
GAAAGTTT and CCCAGTGAAGAGTCTCCTAAA, respec-
tively. The scrambled shRNA (SCR) was used as a negative control.
The collection and isolation of lentiviral particles and transduction
of LN428 cells were performed as described above.

Transient Expression of UBE3B-HA and UBE3B(AIQ)-HA in
293FT Cells—293FT cells (6 X 10°) were seeded in a 150-mm
dish and incubated overnight. Each transfection mixture was
prepared by mixing 35 ug of plasmid (for expression of GFP,
UBE3B-HA, or UBE3B(AIQ)-HA) with 70 ul of TransIT-X2
(catalog no. MIR6005, Mirus) in 2.7 ml of DMEM without FBS
or antibiotics. The mixture was kept at room temperature for
20 min and then added to each 293FT pre-seeded 150-mm dish
dropwise. Then, the cells were incubated for 48 h. All cells from
each dish were collected and washed once with PBS. The cells
were equally transferred into two 1.5-ml Eppendorf tubes and
kept at —80 °C until used for immunoprecipitation and in vitro
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ubiquitylation analysis. One tube of cells was used for immuno-
precipitation, and the second tube was for the in vitro ubiqui-
tylation assay.

UBE3B Transient siRNA Knockdown in LN428 Cells—
UBE3B was depleted in LN428 cells by transient siRNA trans-
fection, as described previously (29). Briefly, 4 X 10° LN428
cells were wet reverse-transfected with either 90 nmol/liter
siRNA UBE3B-s40200 (Ambion) or 90 nmol/liter Silencer®
negative control siRNA#2 (Applied Biosystems). The siRNA
was prepared with siPORT™ NeoFX™ and OptiMEM, and
the transfections were incubated for 24 h at 37 °C before
replacement with fresh media.

Quantitative RT-PCR Analysis—Expression of UBE3B mRNA
after siRNA-mediated KD or shRNA-mediated KD was mea-
sured by quantitative RT-PCR (qRT-PCR) using an Applied Bio-
systems StepOnePlus system as described previously (58). We
used the Applied Biosystems TaqMan gene expression assay
human UBE3B:Hs00296200_m1, and we normalized gene expres-
sion to the expression of human B-actin (catalog no. 4333762T).

Cell Metabolic Activity Assay (MTS Assay)—Twenty four
hours after siRNA-mediated UBE3B KD, cells were seeded into
96-well plates at a density of 2000 cells per well and allowed to
grow for 48 h at 37 °C before determining the relative amount of
metabolically active cells by an MTS assay (Promega). Results
are the average of three separate experiments and normalized
to the Silencer® negative control siRNA#2 cells, with error bars
representing the mean * S.E.

Cell Proliferation Assay—Forty eight hours after lentiviral
transduction, the SCR, sh2, and sh3 cells were trypsinized and
seeded at 5000 cells/well in 24-well plates with 500 ul/well
growth medium. Cells were stained with 1:4000 dilution of
Hoechst (catalog no. 62249, Thermo Fisher Scientific) in 500 ul
of PBS, and the cell numbers in each plate were counted 2 h
after seeding and again on days 3, 5, 7, and 10 using the Celigo
image cytometry system (Nexcelom). Relative proliferation for
each cell line was calculated by normalizing the cell number
each day to the initial cell number (at 2 h).

Clonogenic Assay—Forty eight hours after lentiviral transduc-
tion, the SCR, sh2, and sh3 cells were trypsinized and seeded at 500
cells/well in 6-well plates with 5 ml/well growth medium and incu-
bated for 10 days. Colonies were then stained with crystal violet
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TABLE 5
Cell lines developed and used in this study
Cell line name Cell line description Growth media”

LN428 Human glioblastoma tumor cell line Media 1
LN428/UBE3B-copGFP LN428 cells expressing UBE3B-copGFP Media 2
LN428/UBE3BAHECT-copGFP LN428 cells expressing UBE3BAHECT-copGFP Media 2
LN428/UBE3B(C1036A)-copGFP LN428 cells expressing UBE3B (C1036A)-copGFP Media 2
LN428/HA-UBE3B LN428 cells expressing HA-UBE3B Media 2
LN428/UBE3B-HA LN428 cells expressing UBE3B-HA Media 2
LN428/HA-UBE3BAHECT LN428 cells expressing HA-UBE3BAHECT Media 2
LN428/HA-UBE3B(C1036A) LN428 cells expressing HA-UBE3B (C1036A) Media 2
LN428/HA-UBE3A LN428 cells expressing HA-UBE3A Media 2
LN428/BirA-UBE3B LN428 cells expressing BirA-UBE3B Media 2
LN428/UBE3B-BirA LN428 cells expressing UBE3B-BirA Media 2
293FT A sub-clone of human embryonic kidney cells 293 Media 3

“ Media 1 is a-minimal essential medium with 10% heat-inactivated FBS, 5 ug/ml gentamicin, 80 ug of penicillin, 80 ug of streptomycin, 0.32 ug of amphotericin/ml, 2 mm
L-glutamine. Media 2 is Media 1 supplemented with puromycin (1.0 pug/ml). Media 3 is DMEM with 10% heat-inactivated FBS, 80 ug of penicillin, 80 ug of streptomycin.

dye, and the colonies with more than 50 cells in each well were
counted using the Celigo image cytometry system (Nexcelom).

Cell Extract Preparation and Immunoblot—Mitochondrial
and cytoplasmic fractions were isolated using the mitochondria
isolation kit for cultured cells (Life Technologies, Inc.). Endo-
plasmic reticulum fractions were isolated using the endoplas-
mic reticulum isolation kit (Sigma). Collected subcellular frac-
tions and whole cell extracts were prepared using 2X clear
Laemmli buffer (2% SDS, 20% glycerol, and 63 mm Tris-HCI, pH
6.8). Protein concentrations were determined using the Bio-
Rad protein assay kit II (catalog no. 500-0002), according to the
manufacturer’s instruction. Equal amounts of protein were
loaded on precast 4-12% Tris-Bis Novex® NuPAGE® SDS-
polyacrylamide gels (Life Technologies, Inc.).

Immunoprecipitation and in Vitro Ubiquitylation Assay—
LN428 cells expressing HA-tagged UBE3B WT or mutant pro-
teins (as well as HA-UBE3A as a positive control) were grown to
90% confluence in 100-mm dishes and harvested using IP Lysis
Buffer supplemented with protease inhibitor (both from
Thermo Fisher Scientific). The lysates were rotated for 1 h at
4 °C before pelleting the cell debris. The supernatant was incu-
bated by rotating overnight at 4 °C with the anti-HA affinity
matrix (Roche Applied Science). The beads were washed with
Binding Buffer (10 mm Na,H,PO,, 10 mm Na,HPO,, and 150
uMm NaCl, pH 7.0), followed by washes with Ubiquitylation
Assay Buffer (10 mm Tris-HCL, pH 7.5, 100 mm NaCl, and 0.5
mMm DTT). The ubiquitylation assay was performed on the
beads for 2 h at 30 °C in a volume of 30 ul containing 0.1 um E1
(Boston Biochem), 0.25 um E2s (UBE2A/UBE2D1/UBE2D3/
UBE2G2/UBE2L3/UBE2N/UBE2S/UBE2Z) (Life Sensors), 1
M ubiquitin aldehyde (Boston Biochem), 0.75 ug/ul purified
His-ubiquitin (see below), and 1X magnesium/ATP mixture
(EMD Millipore). The ubiquitylation assays were stopped by
adding 2 X blue Laemmli (plus B8-mercaptoethanol) and heating
the samples at 70 °C for 15 min. Ubiquitylation activity was
measured by immunoblot. The immunoprecipitation and
in vitro ubiquitylation assay for the 293FT cells transiently
expressing GFP, UBE3B(WT)-HA, or UBE3B(AIQ)-HA was
the same as described above for the LN428 cells.

Affinity Capture of Biotinylated Proteins—LN428 cells that
stably express BirA-UBE3B and UBE3B-BirA proteins were
grown to 80% confluence in 150-mm dishes and incubated in
complete media supplemented with 50 uMm biotin to allow for
biotin labeling of proteins as described previously (41). Briefly,
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24 h after biotin addition, the cells were washed three times
with PBS and lysed at 25 °C in 1 ml of Lysis Buffer (50 mm Tris,
pH 7.4, 500 mm NaCl, 0.4% SDS, 5 mm EDTA, 1 mm DTT, and
protease inhibitor; Thermo Fisher Scientific) and sonicated.
Triton X-100 was added to 2% final concentration. After fur-
ther sonication, an equal volume of 50 mm Tris, pH 7.4 (4 °C),
was added before additional sonication (subsequent steps also
at 4 °C) and centrifugation at 16,000 relative centrifugal force.
Supernatants were incubated with 100 ul of Dynabeads MyOne
Streptavidin C1 (Life Technologies, Inc.) overnight. Beads were
collected and washed twice for 8 min at 25 °C (all subsequent
steps at 25 °C) in 1 ml of Wash Buffer 1 (2% SDS in distilled
H,0). This was repeated once with Wash Buffer 2 (0.1% deoxy-
cholate, 1% Triton X-100, 500 mm NaCl, 1 mm EDTA, and 50
mM Hepes, pH 7.5), once with Wash Buffer 3 (250 mm LiCl,
0.5% Nonidet P-40, 0.5% deoxycholate, 1 mM EDTA, and 10 mm
Tris, pH 8.1), and twice with Wash Buffer 4 (50 mm Tris, pH 7.4,
and 50 mm NaCl). Bound proteins were removed from the mag-
netic beads with 50 ul of Laemmli SDS/sample buffer at 95 °C.

Expression and Purification of His-Ubiquitin—FLAG-tagged
human wild type ubiquitin (pcDNA3.1-FLAG-humanUb) was a
generous gift from Dr. Noriyuki Matsuda at Tokyo Metropoli-
tan Institute of Medical Science. Complementary DNA was
PCR-amplified (using primers purchased from Eurofins MWG
Operon) with N-terminal polyhistidine tag (His) and cloned
into pENTR/D-TOPO plasmid to create pENTR-His-Ub-
WT via a standard Topo-cloning methodology (55). Once
sequence-verified, the open reading frame from the plasmid
pENTR-His-Ub-WT was transferred into a pDEST-17 vector
(Invitrogen) by an LR reaction using the Gateway LR Clonase II
enzyme mix (Life Technologies, Inc.) as per the manufacturer’s
instruction. Positive clones were selected, and plasmids were
extracted with the QIAprep spin miniprep kit (Qiagen). The
pDEST-17-Ub-WT plasmid was transformed into One-Shot
BL21(DE3)pLysS chemically competent cells (Life Technolo-
gies, Inc.). To induce the expression of the His-Ub-WT protein,
bacterial cultures were allowed to grow at 37 °C and 250 rpm to
an Agy, = 0.5-0.7, before the addition of isopropyl B-p-1-thio-
galactopyranoside, for a final concentration of 1 um isopropyl
B-p-1-thiogalactopyranoside. The culture was allowed to grow
for another 3.5 h. The bacteria were pelleted at 6000 X g for 15
min at 4 °C, followed by resuspension of the pellet in Buffer A
(50 mm Tris-HCL, pH 7.6, 100 mm NaCl, 0.1 mm PMSF, and 1
tablet protease inhibitor/20 ml of Buffer A). The bacterial sus-
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pensions were pelleted at 6000 X g at 4 °C for 15 min, superna-
tants discarded, and the pellets frozen overnight at —80 °C. The
recombinant His-Ub-WT proteins were purified using the
TALON® metal affinity resin and HisTALON™ buffer set
(Clontech) according to the manufacturer’s protocol. The puri-
fied protein was dialyzed with Dialysis Buffer (50 mm Tris-HCI, pH
7.6, 100 mm NaCl, 0.5 mm EDTA, and 5 mm DTT), changing the
buffer four times, every 6—8 h. The dialyzed proteins were con-
centrated using Amicon ultracentrifugal filter devices (EMD Mil-
lipore), and the protein concentrations were measured using the
DC™ protein assay (Bio-Rad) with BSA as the standard.

Immunofluorescence and Mitochondrial Imaging—For siRNA
experiments, cells were cultured on glass coverslips for 24 h
before being fixed with 2% paraformaldehyde for 20 min, per-
meabilized with 0.1% Triton X-100 for 15 min, and blocked
with 2% bovine serum albumin for 45 min, all at room temper-
ature. Anti-ATP synthase 8 antibody (Thermo Fisher Scien-
tific) at 1:250 dilution was incubated for 1 h, followed by goat
anti-mouse Alexa Fluor 647 (Abcam) at 1:1000 for 1 h and
DAPI stain for 30 s, all at room temperature. Slides were
mounted and imaged on the Nikon A1 confocal microscope in
the University of Pittsburgh Center for Biologic Imaging.

For subcellular localization experiments, cells were cultured
in Fluorodish glass bottom dishes (World Precision Instru-
ments) for 24 h before being stained with MitoTracker Deep
Red (Life Technologies, Inc.), then fixed with 4% paraformalde-
hyde, and permeabilized with 0.1% Triton X-100. Cells were
blocked with 10% normal goat serum in PBS, then incubated
with anti-PDI antibody (Life Technologies, Inc.) at 1:400 dilu-
tion for 2 h, and followed by secondary goat anti-mouse anti-
body conjugated to Alexa Fluor 488 (Life Technologies, Inc.).
Dishes were then DAPI-stained and mounted. For shRNA stud-
ies, transduced cells were plated in Nunc Lab-Tek II (Thermo
Scientific) chambered coverglass slides, for 24 h, then stained
with MitoTracker CMX-ROS (Life Technologies, Inc.), and
fixed. Cells were permeabilized as above and stained with NucBlue
DNA dye (Thermo Fisher Scientific). Cells were then imaged with
a Nikon Alrsi confocal microscope. Image-based registration was
used to perform correlative microscopy on the same image fields
using a Nikon N-SIM super-resolution microscope. Confocal and
SIM imaging were performed at the Mitchell Cancer Institute Cel-
lular and Biomolecular Imaging Facility.

Liquid Chromatography Tandem Mass Spectrometry (LC-
MS/MS) Analysis—Immunoprecipitated samples were sepa-
rated on SDS-polyacrylamide gels (Bolt® 4—12% BisTris Plus
Gel, Life Technologies, Inc.) to about 1 cm (150 V for 10 min)
and stained with Simply Blue™ SafeStain (Life Technologies,
Inc.). After washing with Milli-Q water, the stained regions
were excised, washed with HPLC water, and destained with
50% acetonitrile, 25 mm ammonium bicarbonate until no visi-
ble blue staining. Gel sections were dehydrated with 100% ace-
tonitrile, reduced with 10 mm dithiothreitol (DTT) at 56 °C for
1 h, followed by alkylation with 55 mMm iodoacetamide at room
temperature for 45 min in the dark. Gel sections were then
again dehydrated with 100% acetonitrile to remove excess DTT
and iodoacetamide and rehydrated with 20 ng/ul trypsin in 25
mM ammonium bicarbonate and digested overnight at 37 °C.
The resultant tryptic peptides were extracted with 70% aceto-

2482 JOURNAL OF BIOLOGICAL CHEMISTRY

nitrile, 5% formic acid, speed-vacuum dried, and reconstituted
in 18 ul of 0.1% formic acid.

Tryptic digests were analyzed using a high resolution liquid
chromatography tandem mass spectrometer as described pre-
viously (57, 59). In brief, samples were loaded with a nano-
Acquity autosampler (Waters, Waltham, MA) onto a capillary
sample trap column, separated using a reversed phase gradient
on a 0.075 X 100-mm PicoChip™C18 column, and electros-
pray ionization source (New Objective, Inc., Woburn, MA).
Mass analysis was performed on a hybrid LTQ/Orbitrap Velos
mass spectrometer (Thermo Fisher, Waltham, MA). Data-de-
pendent acquisition was used to acquire one high resolution full
scan mass spectrum followed by 13 low resolution tandem mass
spectra in the linear ion trap, with dynamic exclusion setting
enabled to minimize redundant selection of precursor ions.

Cloud-based differential mass spectrometry (dMS) software
developed by the University of Pittsburgh and Infoclinika (dMS
1.0, Seattle, WA) was used to quantify and identify proteins
that exhibit a statistically significant difference in abundance
between experimental conditions (60, 61). Briefly, the dMS
software was used to detect and align mass spectral features
present in the high resolution LC-MS data. The m/z, retention
time, and intensity of each feature were combined into isotope
groups for subsequent statistical and visual analysis. The
COMET search algorithm (precursor mass tolerance = 20
ppm, fragment mass tolerance = 0.8 Da) and an indexed non-
redundant human database (NCBI human, static modification
of cysteine = 57.02 Da, variable modification of methionine =
15.99 Da) was used to identify the peptide sequence and protein
identity of selected features present in the data set (62).

pMito-Timer Transfection and Analysis—Cells were simul-
taneously transfected with siRNA specific to UBE3B and the
plasmid encoding for the Mito-Timer reporter (Addgene).
Transfection was performed as described above with the addi-
tion of pMito-Timer DNA to the transfection mixture. Cells
were then plated on Fluorodish glass-bottom dishes (World
Precision Instruments) and imaged (live) 72 h after transfection
with the Nikon Alrsi confocal microscope at the Mitchell Can-
cer Institute Cellular and Biomolecular Imaging Facility.
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